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Submillimeter Guided-Wave Experiments
with Dielectric Rib Waveguides

MIKIO TSUJI, STUDENT MEMBER, IEEE, SHIGEFUMI SUHARA, HIROSHI SHIGESAWA, MEMBER, IEEE,
AND KEI TAKIYAMA, MEMBER, 1EEE

Abstract— The transmission characteristics of rib waveguides are ex-
amined in the submillimeter-wave region at Ay =337 pm. A number of
miniature polyethylene rib waveguides are fabricated by means of a die-cast
technique. The mode launching into such a waveguide is performed by
focusing a laser beam directly on the end face of the waveguide, while the
transmitted power is detected at any point on a waveguide through a
movable grating coupler which can couple selectively with one of propagat-
ing modes. The measured phase constants show good agreement with the
theoretical ones calculated by our analytical method, while the attenuation
constants, typically aA o =4.5<10 ~3 Np are found to be about 1.8 times
as much as theoretical ones. Finally, the good confinement of fields in the
rib portion is proved by means of two simple methods.

I. INTRODUCTION

T THE submillimeter-wave region, it is well known
that many of the solid dielectric materials show a
considerable absorption loss and only a few nonpolar
polymers show a somewhat low absorptions. They are
polyethylene (typical absorption coefficient at A; =337 pm
a,=0.1 Np/cm), polypropylene (a,=0.14 Np/cm), and
TPX (poly-4-methylpentene-1: a, =0.16 Np/cm) [1].
However, all of these polymers have almost the same
refractive indexes (around 1.5), so that it is inevitable to
construct a three-dimensional dielectric waveguide for use
in submillimeter-wave integrated circuits with a single di-
electric material instead of an effective combination of
several kinds of low-loss materials having different refrac-
tive indices as seen in sophisticated waveguides in both
millimeter-wave [2], [3], and optical frequencies [4], [5].
This is of particular requisite to a waveguide technique in
the submillimeter-wave region, at least for the present.
One example of single material waveguides is the rib
waveguide [6], as shown in Fig. 1. The purpose of this
paper is to survey experimentally the transmission char-
acteristics of polyethylene rib waveguides in the sub-
millimeter-wave region at A, =337 pum. The techniques
developed in the submillimeter-wave experiments of slab
waveguides [7] will be used again successfully in the pre-
sent experiments. When such experimental results should
be discussed from the analytical point of view, we will meet
considerable difficulty in obtaining an exact analysis be-
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Fig. 1. Cross section of a rib waveguide.

cause of its nonuniform boundary. Therefore, a simple
analytical method, i.e., the approximate mode matching
method [8] has been proposed and its usefulness has been
proved through a number of millimeter-wave (50-GHz
region) experiments [9]. This method will be also followed
here.

II. ANALYSIS

Fig. 1 shows the geometry of a dielectric rib waveguide.
As expected in this waveguide, all the modes are indeed
hybrid in the rigorous sense. In a rough approximation,
however, there may be TE and TM waves with respect to
the y direction [10] and approximate analyses [11]-[14]
assume often the presence of only one type of these waves
as a characteristics mode as in a dielectric rectangular
waveguide [4]. One type, which we call the TE mode, is
polarized predominantly in the x direction and has E, =0,
while the other mode, TM , is polarized predominantly in
the y direction and has H, =0. For the present, let us direct
our attention to the TE modes.

Now, let us subdivide the cross section of this guide into
two constituent regions, i.e., regions I and II, and consider
separately each of those regions, as if the region I is a
rectangular dielectric waveguide and region II is semiin-
finite slab waveguide. We assume that all the field compo-
nents can be expanded into the propagating surface modes
with unknown modal amplitudes 4,, and B,, in each region
similar to {15].

Considering the energy concentration in the rib portion,
the E, components in each region can be expressed for the
TE, modes as follows:

El= 3 4, fu(y)cos(x,x+o)exp j(wr—hz),
m

for region 1 (1)
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E'= 2 B, fu' () exp(—8,|x—al)exp j(wi—hz),

for region I1  (2)

where # denotes the phase constant to be found and ¢ is a
parameter to express the symmetry of fields with respect to
the y—z plane at x=0. The functions f,, and f,' are the
variations in the|y direction which are described as

sin( Brd+¢, )exp{ —al(y—d)}, y=>d

fuly)= 1 sin(BLy+el,), 0<y<d
sin¢‘,£exp(y,}1y), y<0

®)

sin(fj}ﬁ—qbf,})exp{—af,f(y——t)}, y=t
()= sin(lf,f,lwaj), O<y<t
singl exp(yoly), y<0

with the conservation relations of wavenumbers

3 =(a, ) +(Ba)' = (ath) + (B2
k3=(vL) +(BL) =(viy +(BRY
and the phase constant 4 is given by

12 =(nko) = (BL) = (i, =(mko ) — (B +(3,,).
(7)

The other components of wave fields can be derived from
the following equations:

1 9?2
H,= wph |dx3dy E,

—

2_ .2
("1 Ry

()
(6)

—

)
(”1 nj

o=t [ g E,=0
P wph | gx? x0 v
—_J 3 —_J 3
Hz Wyl ayEx’ Ez_ h axEx' (8)

First, let us determine these fields in each region so as to
fulfill the boun‘ﬁary conditions on the core-substrate
boundary at y=0 and on the x—z plane at y=d in the
region I or at y:‘t in the region II. As a result, it is easily
found that the vaavenumbers Jja,,, B,, and jy, in the y
direction can be lobtained independently of those in the x
direction from the following well-known eigenvalue equa-

tions of asymmetlric slab waveguide:
©)
(10)

Thus the parameters a,,, B,, v,, and ¢, should be re-
cognized hereafter as the known ones.

tan B, d=B1( ok, +v5) /(B2 —alyL)
tan B2 B0l 1) /(B —alty ).
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Next, we must impose the continuity condition of the
tangential fields through the infinite y—z plane at x=a, i.c.,
A, XE'-E")=0 and A, X(H!—HT)=0, where A | is
the unit normal vector to this plane. However, the ap-
proximate fields presented here do not necessarily satisfy
this type of boundary condition, so that let us fit the fields
to this boundary condition in the sense of least-squares
[14], [16]. For this purpose, let us introduce the mean-
squares error F defined by the following equation:

0
F=[" |A X(E'-E")2_ dy
— 00

2
wp g 1_qgplly 2
HA2 [ @ -n s ()

where n, means ng, n, and n,.

If the thickness d and ¢ are such that only a single
surface wave mode can be supported on each region, it is
reasonable to consider the single-mode approximation, in
which only a fundamental mode of m=0 in (1) and (2) are
taken into account. In this case, the unknown variables to
be solved become A, By, and A at the chosen frequency w.
But, we have a freedom to define arbitrarily one of two
expansion coefficients, so that by setting B, =1, the quan-
tity F can be expressed as follows:

F(Ay, h,0)=A,A5P(h,0)+A4,0(h, w)
FA20*(h, @)+ R(h,0) (12)

where the symbol * denotes the complex conjugate and
P, 0, R are the functions of the phase constant # and the
frequency w, of which explicit but tedious forms can be
found in [9, appendix].

After introducing the mode matching procedure in which
the quantity F should be minimized with respect to 4%, the
variational method to F derives the minimum value F of F
as follows:

F(h,0)=R(h,0)=|Q(h,w)|*/P(h,w).  (13)

Finally, the dispersion curve of the guided mode can be
calculated through the relation of 9F(k, w)/dh=0. Practi-
cally, it is easy to find out numerically 4 at which the
quantity F takes the minimum value for a fixed fre-
quency w.

Once the phase constant is found, the field distributions
(or eigenfunctions) can be easily obtained by substituting
B, (=1) and A4, found by the mode matching procedure
into (1), (2) and so on. Then the perturbation technique
may be utilized to calculate the attenuation characteristics
of a rib waveguide.

On the other hand, we know another single-mode ap-
proximation called as the effective dielectric constant
(EDC) method [13]. This method replaces each region of
Fig. 1 with an infinite homogeneous region in the y direc-
tion having some effective dielectric constant, and such a
hypothetical structure is used to match the tangential fields
on the boundaries, and the propagation constant is de-
termined. The EDC method gives indeed a good approxi-
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Fig. 2. Propagation characteristics for the TE, mode with a thickness
ratio d/t=2.0. (a) Phase constant. (b) Attenuation constant.
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Fig. 3. Propagation characteristics for the TM, mode with a thickness
ratio d/t=2.0. (a) Phase constant. (b) Attenuation constant.

mation for the propagation constant as discussed in [9] by
comparison with other methods. However, this method is
not reliable for the field distribution by the reason men-
tioned previously, and may be not effective to calculate the
transmission loss.

Now, in our experiments, the refractive indices n, and n,
indicated in Fig. 1 are assumed to be real and unity (air)
and the dielectric material of a guide is assumed to be a”
polyethylene of which refractive index n, is less sensitive to
the submillimeter-wave frequencies and is almost kept on
about n, =1.46.

Consequently, the typical calculated results of the phase
constant 4 and the attenuation constant a for each propa-
gating modes "are shown in Figs. 2 and 3, where the
effective refractive index k/nyk, and the attenuation con-
stant normalized by both tand and the frequency f, (in H,)
are employed instead of # and « themselves, respectively.
The TE,, (or TM ;) mode in these figures means the next
higher order mode which has an antisymmetric E, (or H,)
component with respect to the y~z plane at x=0.

III. EXPERIMENTS

A. Experimental Setup

By referring the theoretical results, several kinds of rib
waveguide having different ¢, d, and a were made of
commercial polyethylene powders by means of a die-cast
technique. Each waveguide has the lateral width of 30 mm
and the propagation length of 250 mm.

Now, the key point of our accurate and reliable tech-
niques developed for the submillimeter-wave experiments
[7}, [17] is the employment of the movable grating coupler
which can couple selectively with one of the propagating
modes and is movable along the guide surface, keeping up
a constant coupling efficiency.

The experimental setup of Fig. 4 is similar to that
employed in [9], where a rib waveguide is held tightly on a
metal frame as shown in Fig. 5. Now, the laser beam from
an HCN laser is split into two beams with a beam splitter
made of a polyethylene film and one of them is led to a
Golay cell detector for monitoring the output power of the
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Fig. 4. Schematic diagram of the experimental setup.

Fig. 5. External view of the experimental setup.

laser, while the other beam with a horizontal or a vertical
polarization is launched into a rib waveguide to excite the
TM, or TE , modes after focusing the beam on the end face
of a rib portion through a spherical mirror and a metal
horn.

On the other hand, a movable grating coupler which is
made of Molybdenum wires of 100 pm in diameter arranged
with a period of 200 um over 15-mm length (75 periods)
are mechanically contacted on the waveguide surface (the
reverse side of a rib) so as to couple with a fraction of the
transmitted power. The direction 6, of a radiated beam
from the coupler is measured with another Golay cell
detector mounted on the rotatable arm around the coupler
as seen from Figs. 4 and 5. Such a radiation angle makes it
possible to obtain the phase constant of each propagating
mode through the phase matching condition of a grating
coupler (e.g., (1) of [7)).

Moreover, the attenuation constant of each propagation
mode can be easily found by measuring the relative output
power from the coupler as a function of the transmission
length between the mode launcher and the coupler.

B. Phase and Attenuation Constants

Since the TE, modes have a predominant electric field
parallel to the metal wires of a grating, it is hard to couple
efficiently with TE, modes. Thus the experiments described
here will examine the characteristics of TM, modes only.

A typical example for the radiation intensity from a
grating coupler is shown in Fig. 6 as a function of the
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output angle 8 ;. We can observe clearly three peaks at
around 6, =15°, 21°, and 28°. Theoretically, the 6, of
the TM,, mode is found to be 15.7°. Moreover, if the
launched beam is not trapped around the rib portion, but
propagates in the form of the fundamental TM mode in a
slab waveguide with a thickness ¢, we can find the radiation
angle for such a mode to be 19.5°. These facts will allow us
to conclude that the first peak at around 15° corresponds
right to the TM , mode. The deviation between angles
obtained theoretically (15.7°) and experimentally (15°)
means the difference of about 0.8 percent in terms of the
phase constant,

On the other hand, Fig. 7 shows an example of relative
output powers from the coupler. Since the measured data
have only a little fluctuation from a straight line, we may
trust the sufficient accuracy of our loss measurements, and
this result gives the measured attenuation constant at A, =
337 pm as aA, =4.5X 10~ Np which is about 1.8 times as
much as the theoretical value obtained in the preceding
section.

It is well known that the loss tangent tan 8 of a polyeth-
ylene follows the experimental curve given by the following
equation [18]:

(14)

where the wavelength A, should be entered in micrometers
(pm) and which is available in the limited bounds of 200
pm<<A, <1000 pm. This relation brings about the tané at

tan8=(0.85+0.15X 10 "*/A¢)x10~*
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TABLEI
MEASURED AND THEORETICAL VALUES OF BOTH THE PHASE AND
ATTENUATION CONSTANTS FOR THE TM ,; MODE

Dimension Measured vatues [ Theoretical values

OQutput [Phase Output |Phase
NO t d Za u?= stant t:\gle constant|canstant
(mm)|(mm}|{mm )l gun(deg) hingko finepericm) Bou(deg)| h/noks
1 lo20loasi1 00l 15 [ 142 [aaxod 157 (1414 717407
24o11jo1sfo7o] 25 |1 26 [93x107 24 7 [1 267 [p24x0
3[o2s5foss[o50] 15 [1 42 fi3ax10] 157 [1 414 [n17x107
4 |012J033/050[ 18 |1 37 [nzxicY 185 [1368 [700x107
slo1s]/035(040f 18 [1 37 h28xi07 186 1366 6954107
6 Joi1s(ozelo30] 22 |1 31 hzoxio] 217 [1315 [s9mio
71010021 030] 25 |1 26 |98x107 248 |1 266 [645ni0)
| sjooslois]o30] 26 |1 25 |91x07 264 {1240 |610x0°

Ao =337 pm as 5.3X 10 ~* which is employed for the loss
calculations throughout this paper.

However, the loss tangent of commercial polyethylene
varies widely due to the presence of various additives, and
it may be reasonable to consider that (14) gives the under-
estimated values for the actual polyethylene in our experi-
ments. We have recently measured dielectric constants for
polyethylene at A, =337 um and have typically obtained
tan 8=1.1X1073, See details in [22].

Now, the measured and calculated values for the TM,,
mode are summarized in Table 1. It is clear from this table
that the measured phase constants (i.e., output angle 6,,,)
show fairly good agreement with the theoretical ones
calculated by our approximate method, while the attenua-
tion constants are found to be about 1.8 times as much as
theoretical ones. However, there are several modes in the
experimental waveguide, and so most of the transmitting
power of the TM,, mode will be concentrated in the
dielectric medium. This fact suggests that the attenuation
constant will appear on the saturation region shown in
Figs. 2(b) or 3(b).

By the way, the higher order modes indicated by the
angles 6, ~21° and 28° at the second and third peaks in
Fig. 6 show the measured attenuation constants of aA,=
4.1X1073 Np and 3.3X 1073 Np, respectively. Such low
attenuations will be due to less concentration of transmit-
ting power in a waveguide. Thus it is interesting and useful
for us to examine the attenuation characteristics of the
single TM, mode with a thinner thickness by which it is
expected to improve the loss characteristics.

C. Field Confinement in the Transverse Direction

In the submillimeter-wave region, it 1s truly impossible
to measure the precise field distribution of a mode by
means of a field probe which is commonly used in the
microwave [19] and millimeter-wave [9], {20] regions. Then
the field confinement in the transverse direction (the x
direction of Fig. 1) is examined in comparison with a slab
waveguide with a thickness 7. For measuring the transverse
broadening of the field, two simple methods described in
[7] are again employed.

In the first method, the output power from a coupler is
measured when a small absorber (3 mm? in area) is put on
the surface of a guide and is moved along the transverse
direction. Fig. 8(a) shows the results for a rib waveguide
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Fig. 8. Measurements of the transverse broadening of the field in the rib
and slab waveguides. (a) Output powers are measured when a small
absorber is moved on the surface of a waveguide. (b) Intensity distribu-
tions of the near field radiated from the end of a waveguide are
measured by scanning a detector.

(z=0.39 mm, d=1.00 mm, and 2¢=1.50 mm) and a slab
waveguide (¢=0.10 mm). It is clear from these results that
the field is well confined in the rib portion.

In the second method, the near field patten of radiation
from the end of a waveguide is measured by scanning the
Golay cell detector along the transverse direction. The
length of a guide is 130 mm and the near field pattern is

- measured at the distance of 70 mm apart from the end of a

guide. The results shown in Fig. 8(b) indicate again the
good confinement of field in a rib waveguide.
Such a good confinement of field in the transverse

" direction also proves that the metal frame holding a rib
. waveguide has no effects on the measurement of the at-

tenuation constants.

IV. CONCLUSION

The phase and attenuation constants of polyethylene rib
waveguides are measured in the submillimeter-wave region.
As an example, the measured attenuation constant for the
TM,, mode in the multimode waveguide is aly,=4.5X
10 73 Np at A, =337 pm which is about 1.8 times as much
as theoretical one when the loss tangent of a polyethylene
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is assumed to be 5.3X10 % Now we are planning to
examine the properties of a single mode guide. Moreover,
in order to realize a low-loss guide, it will be necessary to
introduce a technique which can reduce the absorption
coefficient of a polyethylene [21]. These problems will be
discussed in the following papers.
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Millimeter Wavelength Frequency
Multipliers

JOHN W. ARCHER

A bstract— Mechanically tuneable millimeter wavelength frequency dou-
blers typically exhibiting 10-percent conversion efficiency at any output
frequency in the range 100-260 GHz have been fabricated. Qutput power
varies from 10 mW at 100 GHz to 6 mW at 260 GHz, with a fixed tuned
instantaneous 1-dB bandwidth typically 5 percent of the center frequency.
A frequency tripler to 215-GHz output frequency is also described. For this
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device, a mechanically tuneable 3-dB bandwidth of 210 to 240 GHz was
obtained, with a peak conversion efficiency of 6 percent at 4.8-mW output
power.

I. INTRODUCTION

OURCES of millimeter wavelength power for hetero-

dyne receiver local oscillator applications at wave-
lengths shorter than 3 mm have conventionally been
expensive, short-lived klystrons. An alternate approach is
to use efficient, broad-band frequency multipliers in con-
junction with more reliable, lower frequency oscillators to
provide power in the frequency range 100 GHz and above.
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